The Accelerometer and Gyroscope modules used for measuring the orientation of the quadcopter usually generate noisy signals which directly affect the control strategies. The high speed motors used in quadcopters cause high noise levels which makes the real time control almost impossible. In this work the Kalman filter is applied to the noisy measurements obtained from accelerometer and gyroscope modules. The measurements are conducted for two cases: M otors stopped, and M otors activated at high speed. The Kalman filtering is applied separately for each measurement and the obtained results show noticeable improvement in noise level for two cases. The joint implementation from accelerometer and gyroscope modules is also conducted in order to optimize the predicted signal levels. The results show that the proposed Kalman filtering method can be used in real time measurement of quadcopter orientation, also in the case of low-cost measurement modules.
Introduction
The quadcopters are widely used for different purposes. There are several control strategies and methods used for controlling the operation of quadcopters [1] . The gyroscope and accelerometers are main feedback sensors used in quadcopter control system. There are several low cost and high cost types of these sensors. Because of the high speed of the DC motors, the high level noise is present in sensor measurements. The hardware solutions to eliminate these noises are quite difficult as soon as the sensors cannot be totally isolated from quadcopter body, and there always will be vibrational effects on sensors. These vibrational effects will have higher impact on accelerometer measurements. There are high cost sensors that minimize the noise effects on sensor measurements, on the other hand there are several filtering techniques used to minimize the noise. In this work the low cost integrated accelerometer and gyroscope sensor module is used for eliminating the high level noise. The Kalman filter is the optimal estimator and is widely used in noise reduction when the process and measurement noises are known [2, 3] . The process noise is usually difficult to model when there is no access to the system parameters, such as in the case of sensor modules. Therefore the measurement noise can be modelled to obtain the state space model of the quadcopter for gyroscope and accelerometer measurements.
Kalman Filter
The state space model for any linear time invariant system can be given by equation (1) and (2):
X is the system state, U is the input vector, Y is the system output, A is the state transition matrix, B is the process noise coupling matrix, H is the measurement sensitivity matrix and the W and V are measurement and process noises respectively [4, 5] . When the system is modelled according to the equations (1) and (2) the Kalman filter gain K can be computed by using the propagation and measurement step equations. Propagation
Step:
M easurement
K is the Kalman gain, P is the covariance update and R and Q are measurement noise covariance and process noise covariance matrices respectively.
Experimental Setup
The quadcopter with high speed dc motors and integrated sensor module is given in figure 1 . The Arduino mega microcontroller board is used for data collection and for control of the dc motors. Figure 1 Quadcopter Structure In quadcopter control system usually the raw and pitch angles are used as feedback to the controller. The measurements are made for raw and pitch angles by using the low cost integrated sensor module. The noisy measurements obtained for raw angle (X) are shown in figure 2 for two cases: when motors are turned off and on. As can be seen from the obtained measurements for two cases, there are high level noise which makes it impossible to control the quadcopter by using this sensor module. a)
The resulting propagation and measurement step equations are:
Results
The Kalman filter equations are executed in an iterative process in order to eliminate the noise in sensor measurements. The filtering process is executed in M atlab and then is transferred to the microcontroller. The results are shown in figure 3 . 
Conclusion
In quadcopter applications the sensors used for orientation calculation are usually sensitive to noise. The sensors cannot be totally isolated from quadcopter body and there will always be noise component which will make difficult to control the quadcopter. In case of low cost sensors these noises are higher and without filtering it is almost impossible to control the system. In this work the Kalman filter is applied to the orientation measurements obtained from gyroscope and accelerometer integrated low cost sensor module. After Kalman filtering the noise level is reduced to the acceptable rate for gyroscope and accelerometer measurements. The few iterations are needed for Kalman filter to estimate the orientation values which makes it possible to apply the proposed model in real time control. The fusion of gyroscope and accelerometer results can be used to further increase the accuracy of the system. 
